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ABSTRACT

We developeda portable x-ray spectmneter/dosmeter basedm a sili-
conp-l-ndiode. The Instrument1s capableof obtainingspectra:il:ronna-
tionIn theregionfrcm18 keV to 150keVandmeasuringphotonexposuresIn
the regionfrom18 keV to 1.3MeV. A theoreticalmethodIs descrlbdfw
obtaininga nearlyair equivalentres~nse in theenergyregionabove18
keV. The instrumenthas a dynamicrangeformostenergiesbetween0.5mR/h
and 5 R/h. Itssmallsize,abilityto providespectroscopicoutput,and
satisfactoryairequivalentresponseovera wideenergyrange,makethis
instrumentmoreattractivethanportableionization chambers
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INI’RODUCTIOF!

Surveymetersbasedon ionizationchambersarecapabl,?of ineasurl~

photonexposureovera wideenergyrangewithminlml ener~’ydependence.
kVidlng that the chamberwallsareair equivalentand chargeequilibrium
existsfor highenergyphotons,suchinstrumentshavea rqxmse within+
10%forenergiesabove10keV. Thereare,however,severalnotable -
shortcanlngsforthistypeof instrment.

The currentsm?asure are low;therefore,largevolumesIreneeded.
!Forexample,fora 500cm chamber,thecurrent1s 4.6x 10-1”Amp/mR/h.

Sincethechambersareusuallyunsealed,theirresponseIs sengltiveto
environmentalcondltlona,suchas pressure,temperature,andh~nnidlty.Due
to theirlargesize,tneyunderestimate exposures from radlaticn leaks of
smallcrosssectionalarea. Andfinally,ionizationchambersUAually
operatehigherthan100volts,whichcunplicates~er supplydt’sign.

A way to overcanetheneedforlargevolunedetectors1s to replace
air-filledionizationchambersby solidstatedetectors(l-4).!lYiemain
disadvantageinusingsuchdetectorsis thattheyareneitherairnor
tissueequivalent.

Siliconp-l-ndiodeshavebeenusedin x-rayspectranetryardphoton
countingapplications(5-7).me instrumentdevelopedin thisstudy
canblnesseveralcharacteristicsmentionedIn theabovereferwceanut in
additionutilizesadvancedmicroelectronicsto accuratelycalculate
exposureratesovera wideenergyrangefrcnn18keVto 1.3MeV.

P-i-ndiodescanbe operatedin twoties: a pulsecountingtie
usinga reversebiasanda current(photovoltalc)mcde. In thepdse
countingmode,thechargegeneratedby the InteractionIs collectedarid1s
transf’onnedto a voltagepulse. Thispulse1s cJIJIIted if it is abovethe
instrument’snoisebaseline.me pulseheightIs proportionalto the
energydepositedin thedetector.In thecurrenttie of o~ratlon,th~
depositedenergy1s convertedintocurrent.However,for low exposure
raceson theorderof’mR/hr,thecurrentproducedismuchlowerthanche
inherentdarkcurrentof thediode. ‘I12erefore,it 1s necessaryto use the
pulsemodeof operationIn orderto measurelow-levelexposuresand to
generate

me

a.

b.

c.

d.

energyspectra.

advantagesof p-i-ndiodesover ion chambersareas follows:

~ly smallvolumes(approximately3 nln3)are requiredfor
measuringexposure rateson theorderof 1 rnR/h.

Diodesare relativelyinsensitiveto c,lvlronnentalconditionswhen
usedina pulsecountingrmxie.

Lowoperatingvoltages(5-30V) are sulTlcient.

Accuratemeasurementof expmure ratesof’h!ghlylocalized
radiationleakaarepossible.



e. Diodespmvlde spectralinformationforphotonenergieswherethe
photoelectriceffectIn siliconis stillsignificant.

bIn followingwe describethe theoreticalbasisfor thealgorithmused
$to flaten theenergyresponseanddiscusstheex~erimentspeformedto

verify this
described.

THEO~ICAL

algorltiili.fieportable

CONSIDERATIONS

dosemeter/spectrometerIs then

‘Iheexposurerate,measuredwithen air equivalentionization chamber.
Is expressedby the ionizationcurrentproduc~ in thechamber.If the -
spectrtnrof theenergydepositedin thedetector,N(E),canbe measured,
thecurrentflow,I, canbe definedin thefollowlngway(3,8):

~= 4-#[N2)@’ ●

(q

&
‘I’hecutoffenergy, Ec, 1s determinedby thenoiselevelof the

detectorand Itsassociatedelectronics.
+

Is themaxlnnsnenergy
de~sltedanddependson thethiclmessUT t e depletionlayer,whilek Is a
constantformatchingtheappropriateumts.

The silicondepletionlayerand Itssurroundlngaare notair
equivalent.Thereforethecurrer.t,1, givenIn ~. 1 doesnotrepresent
theexposurerate, lbwever,If N(E)1smeasured,theexposureratecanbe
determinedusinga spectm.un-welghtlngmethod(g)slmllarto thosere~rted
forNELI(T1)(1O)andaforCaF (Eu)(11)sclntlllators.Usingthisapproach,
theexposurerate,X, is de?lnedas:

whereu(E)Is theweightingfunctionfora depositedenergyE.

The integral(2)canbe replacedby a discretesum in thefollcwin~
way: .

b

wherethe index,1, refersto theenergyintervalbetweenEl ~ Ei + AE
and w mldN aretheweightingfactorsndthedifferentialenergy 1’

13pecdlmlD ire pectlvely,In thisenergyInterval.

The primegoalIn thisstudywas to finda setof welghtln~factors
for thep-i-ndiodewhichgivebestagreemmtwithexperlmenialresults.
The aimof thetheoreticalcalculationswas to flnden ~nltialseto!’
valuesforu to be utxllzedas initialparametersinan lteratiVe
least-squareif’lttlnganalysis.



IrIthecalculationof theinitialsetof WI v~ues we tookinto
accountlosteventsbelowthecut-off’energy,E , as wellas theabsorption
of photonsby theglasscoveron thep-l-ndiod~. Detectorresolution,
escapeof electronsandphotons,edgeeffects,andlackof charge
equilibriumat highphotonenergieswerenot consideredIn thismodel.

Fora mono+mergetlcphotonbeam
rateX in m. 2 canalsobe expressed

withsn energyE >E , theexposure
u: ph c

(4)

where
()
Ben
~air is themass-energyabsorptioncoefficientandoph Is the

photonfluxincidenton thedetector.Comparing~uatlons (3)and (4)
yields: .

Forphotonswithenergiesbelow30 keV,thephotoelectriceff’ectIn
siliconis dunlnsntandmoatphotoelectronsare fullystoppsdin the
detector.Thua,whenEi#E wi=OandwhenEi=E ,

ph‘

%’$(e”~px , ‘h

@

whereB is theattenuationcoefficientof theglasscoverandx is Its
thickness. Fquatlon(5) then yields:

SolvingforWi we get:

F

?!l,/ x

t+ =

%

e (8]
Si

WhenthephotonenergyIs above30 keV,theCon@on ef’feetIn sI1icon
becanessl@ fleant,andaboveLO keV lt danlnatesthetotalinteractIon
crosssection.ASSMIrqgtluittheCanptonsecondaryphotonshavelow
InteractIonprobability,theenergydepcmitionspectrumhas twocomponents.
me firstIs thetotalenergypeakwithE = E

W z:h::=do:”t:~Comptonelectnm continuumwhoserMxlmumener
IfihIpton edge.

Ifwe assumetl]atthedifferentialener~ distributionof theCompton
~le~t~n~ is flatbetween () and 1’ that no eventu arepresentbetween

ph -, thatphotoelcctnms~r~Qmmpton electrons are totallyand T



absorbedIn thedepletionlayer,and thatenergybroadeningcanbe
neglected,thenN, Cm be exPres~ed~ follows:

(7)

[

c=

%4Z:y
CME;4T*X

}

where u cl, ~d o, are thephotoelectric,Comptonand total
absorpt~o~c’&s sect?~~ In siliconforphotonenergyEph,respectively.

Thefraction,R, of the totalenc-gydepositedIn tl.edetectorabove
thecutoffenergy,Ec < TIW, 1S givenby

4 ()
/0

Forphotonenergiesin the range15-70keV,thecontributionto u
hresultsfromthefullenergydepositioneventsbecausethe ‘mpton evets

arebelowthecut-offenergyE, = 15keV. Forphotonenergiesabove70
keV,thelossof ComptoneventbbelowC Is partialandtheweighting
factcrsaregenerk]tedby bothphotaelec~r!.c6nd&xnptonevents.

Usingequations(5),(6),(g),and (10)It was Wsslble to calculate
an initial set of 11weighting coefficients,m . Thesecoefficientswere
thenoptimlzeci(seeResults)to obtainthefla~testpossibleenergy
response.

EXPERHAL CONSIDERATIONS

The Detector and Electronics

We ~~eda HamamatsuS-1722siliconpho~odlodewitha sensitiveareaof
0.132cm anda depletiondepthof 40 @cm . GISSS~101~ th~ck~covers
thefrontfaceof thediode. Thede ~toris operatedin a reversebias
mode. Thenoisedecreasesdramaticallyabovea reversebiasvoltageof 5V.
ke setthelnstmnnentoperatingvoltageat 28V. AS speclfiedby the
Pwnllt’acturer,the~imum duk currentmeasuredat 100V 1S 30 nll~d the
maximum~unctloncapacityat thisvoltage1s 12pF.

“!hedlod+:wan c~veredwith100vg/cm2of silverto tie It lighttight
andwith0,1!rt~i~of”~lyethyleneCo preventcontamlnntlon.Itwa9



positioned outsidean aluminumhousingwhichcontainedtheamplification
andshapingstages. ‘IhIsminlmlzesdirectionaldependenceat lowphoton
energies.Theamplifierandshaperusedwiththedetectorwasahybrld
A225madeby Amptecthathaslownoisecharacteristics.‘lheshapedsignal
Is flrthersmpllfledby a voltageamplifierwithvariablegainbetween10
and 100. The shaplngperlodIs 2.5 s.

me dosemter/spectrmeter Includesthedetector,thecharge
ampllflcatlonsand shapingstage,and theViolinistmultichannel
analyzer.

When modified to operate In a
5

rue livetimemode,theVlollnistcan
analyzecountingratesup to 3 z 10 per secondwith-11 deadt-
losses.At thisratethepileupprobabilityIs around25%. ‘IheVlollnist
hasa dotmatrixLC displaycontaining8G x 40 cells. Threequantitiesare
displayed:(a)‘he energydepositedby the secondaryelectrons(eitherthe
entirespectrumor only80 channelsIn expendmodecaiibe displayed).(b)
TheexposureratelnmR/h forthreeIntegration~rlods of 1, 3, or 5
seconds. (c)!flneaccumulatedexposurein mR foran arbitraryperiodof
time. E!oththeexposureandtheelapsedtimearedisplayedslmltaneously.
Thedisplayalsocontainsa nxxeablecursor.The energycorrespondingto
thepositionof thecursorand the channelnmber aredisplayed.T-
batterypowerIs indicatedby a flashingdisplay.

‘IhegainIs calibratedwithan 241AMsource. lhe60 keVpeak iS

~sltlonedIn channel50. In thisway the Instmnentla abletodlsplay
depositedenergiesup to 300keV. Becauseof thesmallthicknessof the
depletionlayer,onlya very smallnumberof interactionsdue to photons
between18keV and 1.3MeV,resultIn energy depositionabove300keV. If
eventscorrespondto energieshigherthen300keV,theyaredisplayedin
channel256and areanalyzedas an eventcorrespndlngto thischannel.

‘lne spcctroneter/dosemeter system Is operated on two 1.5 V andtwog V
batteries,and csnbe usedcontinuouslyup to 50 hours.

Irradiations

‘he detector was exposed to a variety of photon sourcesIn orderto
determinerespmse characteristlcnsuchas energyresolution,energy
dependence,and directionaldependence.lhesesourcesconsistedof
fluorescentx-raybeamsproducedby a constantpotentialx-raygenerator
and varioustargetmaterials,filteredx-raybeams,and thefollming
radlonuclldes:Am-241,Co-57,CO-60,and Ca-137.Thex-rOysourcesused
are sunmrlzedInTable1. ‘he exposureratesweremeasuredeitherwitha
free-airionizationchamber,VlctoreenR chamber,or a VictoreenModel440
x-raysurveymeter. Exposureratesrangedfran3 mR/hrto 250mR/hrfor
the x-raysourcesandwereas highas 170mR/hrfortheradlonuclldes.

Directionaldependencewaameasuredbetween0° and90° incidentangle
for threeenergies:]14keVef’fectivefilteredbeam,76.5kevx-ray
fluorescencebeam,~d 43,9keVx-rayfluorescence beam.



-IMHVlhL RESUUISANDDISCUSSION

hoton spectrawerecollect-with the detectorand itsassociated
electronicsat 21 photonenergiesbetween18 keVand 1.3MeV. ~ data
wereanalyzedualnga Canberramltl-channelanalyzer(MCA) and a
Hewlett-R@carddesk-top mlcrocunputer.

Wkl@tlngFactorOptlmlzatlon

me datafrantheOanberraMCAwereconfi~redto slmlate the
operatingenvMOrmnt of the256chmnel Vlollnist.Allmrgles atmve300
keVwerepositionedin channel256. An Initialsetof 11weightingfactors
corresporxlingto 11 energybins in the Vlollnlstwereusedto calcula~an
exposureinW for eachof the21 spectra.Thewelghtlngfwtora we= then
diOwed to vary over prescribedlim~tsIn
tomlnlmlzethe overallerrorbetweenthe
calculatedvalues. Thefinalfmn of’the
calculationIs:

a leaat-a@are-flttlng procedure
reference
algcrithn

~E, ~’J

wherew,, E,(keV),andN, are the weighting factor,

expoeure values and
for the exposure

the

theenergydepoalted,
- the%~r of-counts$reapectivelj,in-channeli.

Theoptimizedweightingfactom are 6howngraphicallyin Figure1.
W weightingfactorIn the region15-20keV is higher than 1,caupensatlng
for theattenuationof #iotons by theglaascoverandfor losteve%a below
thecutmff energyat 15keV. Thiscut-i’fene~ results%
discrlminatIngmy eventscausedby W@tml interat+%=, especiallyfor
photonenergies between50 and 150ke’V.~ weightingfactorfor
depaitlonenergiesabove110keV 1s greaterthan1,to compensateforthe
lackof charge equlllbrimat high photon energies and alsow ccmqmeate
for the Ounpton electronswhicharediacrimlnatedby the cut+ff energyat

The energy Maolutlon of thedetector and the
was determinedf~.two energies: at 59.6 kevwing
122keV,usinga “Co source(Figure2). The resolutionwaa 7%and4.5%,
FwHM,reapemvely●

Figures3 and 4 ahcmmweral x-ray spectraobtained with the p-l-n
diode. It canbe seenthatthedetectorresolutionla auffIclentto
resolvetheKm and K linesof urcniunwitha separationenergyAE = 15keV

?as wellaa thoseof sntalm withAE ■ 9 keV, The relativelylownoise
permitsidentification of lines near W keVwith2.5keV FWHM. Rx heavily
filteredbeamsin. whichthe@otoelectrlccrosssectionIS morethan19%of
the totalphotoninteract ion cross sect Ion, a welldeflned peakh observed
(see,for instance,thespectrumforan effectiveenergyof 84 keV). When



the energyIncreases,theCoqton continuumduninates
end-pointenergyof thebrensstrahl~ swctra cm be
peakvol~e of theX-raygenerator.

the apectrun. me
correlatedwiththe

Dlmctlonal ilqmdence

‘hedirectionaldependenceof the Imtmnt 1s shown M ~g. 5 for
76.5and 43.9keV. It canbe observedthatfor 43.9keV theresponseat
600IS ~out 70gof thenn~l incidence response. Fbr 114keVeffective
energy,sndalsoforthehigherphotonener@es,thedirectionaldependence
was foundto be Insignificant.

IktectorEfficiencyand RadlonuclldeIdentlflcatlon

The intrinsicefflcimcyof thedetector,sham in Figure6, 1s
definedas theratiobetweenthenumber of COWWSabove 15 keVdewsitlon
energysndthenumberof incidentphotonshplnglngon the detector.

In additionto thedetennlnatlonof exposures, the Instrument can also
be usedfor radionucllde identification of Fu-239,&n-241,andother
low+nergyphotonemittersIn the regionfrom18keVto 150keV. Because
the intrinsicefficiencyof thedetectorat 17.6keVis only2.1%,the
lower i.mitfordetecting

2
239~ ~ar~ unifotiyona surfacetillbe 1

~~/ , at contactandwIL an integrationperiod of 3 seconds.For
h: theintrln91cefflciemyis 1.2%. Therefore,if thematerialIs

spreaduniformlyon a disc6 m in dlamter,themlnlnumquantityto be
detectedin 3 secondsat a distanceof 5 m franthesurface,is 3 vCi.
TheseUmits may be Improvedby usingap+-n diodewitha thinplastic
cover.

Ener~ Dependence

The calculated,but unweighed exposure,is given by @.mtlon 12:

-’ 2s4

72 $(0 ~ ~.&
●

(la)
4-=/

Theuncorrectedenergydependenceof thedosmeterIs shownIn Figure
7 as theratioof @uation 12to the referenceexposure. It canbe seen
thatforphoton energies around40 keV theunwelghcedres~me
overestimatesthedeliveredexposure up to a factorof 4.5,whereasat high
photonenergiesabove150keVit is nearlyequivalentto the Incident
exposure.Thisisexpectedfranthe theoreticalconsiderations.

Figure 8 showsthecorreotedenergydependenceof thedosmeterwlth
theoptimizedweightingfactorsfoldedin. The ratioof thecorrected
exposuregivenby @atlon 11co the refemmceexposure1s plottedas a
functionof photonenergy.



Thedoemneteroverestimatesthe incidentexposure by up to 50% for
photonenergiesbetween18 keVand 100keV. It Underestlmtestheexposure
up to 10%above100keV. his respmse isnot as goodas thatof an
air-equivalentionizationchamber,butwe feelIt is satisfactoryformost
radiationprotectionpurposes.

@ic Range

Sincethenunberof countspermR varieswithenergy,the lmest and
highestexposureratesto be measureddependon theincidentphotonenergy.
‘he limitationat lowexpxnme ratesIs countingstatistics,whereasthe
limitationat highexposureratesis pulsepile-upandAM dead-timein the
Violinist.lbrccmnondiagnosticx-raymachines,whichoperateat a peak
voltageof 10’!kV withan effectiveenergyof about40 keV,It Is possible
to mmsure (+ 30%)an exposurerateof 0.1rnR/hfore 5 sec Integration
pe~lod. Fbr-sneffectiveenergyof 70 keV,themlnlmumexposurerateIs
abut 0.3mR/nrandat thehighestenergyof 1.3TV theMlnti Is 2 mR/h.
Forhighcountingrates,the limitationis 3 x 10 counts/seelmmed by
theAIZ. Wise pile-upprobabilityat thiscountingrateIS about25%.
Therefore,themaximunmeasurableexposureratesare 1.4R/hat 40keV, 3.6
R/hat70keV, and 30R/hat 1.3MeV .

X-rayMachinePeakVoltageFkasurenent

Thespectrcmter/dosemetercanbe usedfor themeasurementof peak
voltagesof x-raymchlnes operatingup to 200kVpusingthe methodologyof
Nowotny(13).

A pulsepileupOf 25% my leadtG a 20%overestimationof end-point
energies.Therefore,forpeakvoltagedetennlnatlon,we i~c-ti that the
spectraneter/dosemeterexposureratesnotexceed0.1of themaximum
exposureratesgivenabove. Aa peakvoltage Is Increased, better counting
statisticsare necessaryto ccmpenaateforthedecreasingphotoelectric
cross-sectionandthe resultantpoordetectorefficiency.

Future Research

Theenergydependenceof thislnstrunentcsn be improvedby usingvery
lownoisep-l~ndl-desand an ultra-lownoisepreamplifier.
thenoise,It tillbe pawlble to laer thecut-off’energy,
rmmeCcmptonevents. It 1s alsopossibleto masure photon
15keVuslngdldes with thinplasticcovers,whicharenow

-

By lower~ng
E , andmeasure
&ergiesbelow
available.

We describedthedevelopmentof a portablex-rayspectruneter/dose-
meterusinga smallsiliconp-i-ndiode. The instrumentoperatesat low
voltagesbetween5 and 30 V and contairaa 256channelMCAwithan 80 x 40
dotmtrlx ICD. The Instrumentprovidesthefollowingcapabilities:



a.

L.

c.

d.

Measurementof exposureratesbetweenO.5mFVh and 5 R/h for
photonenergiesin the rangeof 18 keVto 1.3MeV.

SpectralInfomntlonfor photonenergiesbetween15 and 150keV.
!lhlsspectralin.fonnatlonpermitsthedeterminationof pesk
voltagesforx-raymachines.

Fhsurementof exposurerates~runradiationleaksof mall
cross-sectionalarea.

me dete~natlon QgAthe presenceof lcwenergyphotonemitters

Theenergydependence of this
airequivalentIonizationchamber,
protectionpurposes.

instmnent1s notas goodas thatof m
but Is satisfactory for most radiation
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TABIE1

X-RAYENERGIESUSEDFOR DOSEMEI’ERCALIBFA1’ION

PeakVoltage(kV) Me+ Target EffectiveEnergy(keV)

250

MO

130

130

170

170

200

200

250

250

280

29c

HF

HF

m’

HF

Iw

HF

HF

HF

HF

w’

m

Zr

Mo

h’

Gd

‘k

Pb

Ttl

u

16.0

17.8

22.6

33-.0

43.9

58.8

Iu. #

95.1

100.0

84.o

108.0

114.0

135.0

149.0

162.0

1711mo

;yyj .0

216.0

244.0

240.0

●XRF - beams pmiucedby X-rayfluorescence

HF - Heavilyfilteredbeeme
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deposited in the p-i-n diode, for deriving

function of!

theexpomure

th~ energ:

in air.

1 I I

50 100 ~ 150

Deposition Energy Ed(kev)

Ir’ Q I
s’



Fig. 2 Energy deposition spectra obtained h;~ the p-i-n diode fort’

(a) 241AM(59.6 keV) and (b) 57C0 (122 and 136.5 keV).
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Fig ● 4 Ilnergy deposition tpectrm~btainad kh!kthe p-l-n diode for hemvily

filtered X-ray beam.
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Fig ● 5
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- Directiomldependenceof the a osure meter for inct’aenf

1
● ene~~~~f d 43,9 CM~ 7&S 8Vb

t

pl?ohu

Pb X- rays

1.0’J
76.5 keV

a9 “

m -
,.

0.7 I I I I I I I I
,Gd X-rays ,d6

1.0 ~ 43.9 keV

‘ 0.9 -
:

~ 0.0 -ul
;
g Q,7 -

.-
Z
z
a (),6-

I
0,5,

0.4

0.3

0.2

0.l
I

\

\

‘ L-J._L-1~
o 10 20 30 4(3 5060706090

Incident Angle

.



—

Fig● 6 IntrSnalc efficiency of the p-i-n exposure meter expressed a.

counts ebove 15keVperincidentphoton(inpercent).
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